Abstract: Tubular braiding fabric is widely used in developing tissue-engineered scaffolds, and is especially suitable for connective tissues like ligaments and tendons. The pore size and porosity of braiding structure scaffolds not only highly affect cell adhesion and proliferation, but also influence the mechanical behavior of those scaffolds. It is important to develop braiding scaffolds with controllable pore size and distribution. The purpose of this work is to add insight to the mechanics of this passive pore structure control system. Thus, some constitutive equations were established to reveal the relationship between braiding technical parameters (including the number of spindles, braiding structure, cylindrical mandrel radius, and yarn diameter) and the pore size, the porosity of tubular braiding fabric by the mathematical modeling method. Through this model, pore size and the porosity of the tubular braiding scaffold can be precisely controlled by quantitatively adjusting braiding technical parameters. Furthermore, the reliability and accuracy of this model were verified by the experimental data.
Introduction
Braiding is a fiber assembling textile technology that has been used to form fabric since the 1800s. The most common braiding machine for tubular scaffold fabrication had two sets of package (spools) on spindles moving within two orbits which ever cross each other. Among them, one set of spindles move clockwise and the other counter-clockwise, in an intertwining serpentine motion producing a desired braid pattern (1) . The braiding yarns are pulled through a take-up mechanism, and rolled onto a motor-driven reel ( Figure 1 ).
The braided fiber technique resembles a hybrid of filament winding and weaving. In the tubular braided structure, all the fibers are continuous and mechanically locked (Figure 2 ), thus, it has a natural load distributing mechanism (2) . Braiding products showed excellent axial connectivity and radial compression property than other types of textile structure such as weaving and knitting (1) . Therefore, braids made from degradable polymers received a lot of attention in designing and developing tissue engineering scaffolds in medical applications (3) . Numerous published studies proved braids succeed application in tendons and ligaments reconstruction (4) (5) (6) .
Pore structure is an important factor which highly influences scaffold performance in tissue engineering applications, as a scaffold must provide suitable space for cell adhesion, nutrients delivery, and oxygen exchange (6, 7) . In addition, the pore size and distribution would also affect the mechanical property of the scaffold (8) . Usually, larger pore size and higher porosity would lead to the decrease of compression resistance property in the radial direction (9) . Above all, pore shape, size, distribution, and porosity are critical factors for the level of scaffold quality. The controllable pore structure is critical technology for a scaffold-forming process. Up to now, there existed some research focused on tension control of the yarn or braiding angle control of the fabric in a two-dimensional braiding system (10, 11) . Other researchers have studied the braid angle effect on the strength (11) and fatigue performance of the biaxially braided composites (2, 12) . To our knowledge, few researchers have given a clear description in discussing the relationship between pore structure and basic braiding parameter.
The objective of this study was to investigate the relationship between pore structure and braiding parameters. Porosity in this paper was defined as the ratio of the pore area to the whole fabric area from the surface observation of a braiding fabric. Some constitutive equations were established to reveal how the number of spindles, braiding structure, cylindrical mandrel radius (equals to the inner radius of the tubular braiding scaffold), and yarn diameter affect pore size and the porosity. And these mathematic models are verified by the subsequent experimental data. The results can provide a good reference in controlling the pore structure when designing tubular shaped braids.
Geometric relation

Braiding angle model
In two-dimensional tubular braided fabric, filaments are deposited on a cylindrical mandrel. In this process, the radius of the mandrel gains (r), the angular velocity (ω), and the fabric take-up speed (V) gain importance as the filaments overlap geometry in each unit cell would have a more pronounced effect depending on these parameters. Braiding angle (θ) is the intersection angle between the braiding yarn and the axial of the cylindrical mandrel (12) . It depends on the ratio of speed in the circumferential direction (V c ) and fabric take-up direction (V) (13) . Figure 1 shows V c related to r and ω. Thus, the relationship between r, ω, V and braiding angle (θ) were as follows:
2. Pore structure model for two dimensional braiding As shown in Figure 2A , a two-dimensional diamond braiding machine contains a number of spindles in two sets and they are uniformly distributed in the braiding plane (3) . Assuming the number of the spindles equals to n, and there must be n/2 spindles moving in the clockwise direction. The braiding yarn divides the braiding plane flat into n/2 parts. In other words, the interlace points of yarn on the cylindrical mandrel divides the cylindrical mandrel into n/2 parts ( Figure 2B ). The yarn buckling in the crossover regions of large diameter tubular braids can be assumed to be almost ignored, when the radius of the cylindrical mandrel was much larger than the diameter of braiding yarns. In this condition, the distance between adjacent yarns interlace points in the horizontal direction U h equals:
As shown in Figure 3B , the region within the red rectangle edge is the structural unit cell of the tubular braiding fabric. The braiding angle (θ) can be seen in the unit cell schematic diagram. The unit cell is composed of two different regions: the area covered by yarn, and the uncovered region (pore area).
A diamond braided fabric consist of two sets of yarns passing over and under each other. And the distance of interlace points in the vertical direction U v equals: Assuming the diameter of the braiding yarn is w, as shown in Figure 3B , the width of the yarn in the horizontal direction is w/cos θ, the width of the yarn in the vertical direction is w/sin θ. The shape of the pore and the braiding fabric unit all appeared as diamond shapes. Apparently, when U h ≤ w/c cos θ, no pore appeared on the braiding fabric. When U h ≥ w/cos θ, a pore area appeared on the braiding fabric. In this condition, the width of the pore area in the horizontal direction P h equals:
The width of the pore area in the vertical direction P v equals:
The area of the single pore S p equals:
The area of the single braiding fabric unit cell S u equals:
The ratio of the pore area to whole fabric area (porosity) of the braiding fabric P s equals:
Equation [9] can be deduced from equation [1] :
When combining equations [8] and [9] together, equation [10] can be deduced as:
Equation [10] clearly shows that, if the angular velocity of the spindle (ω) is a constant, the porosity of the braiding fabric decreases with the increase of the number of spindles (n) or the diameter of the braiding yarn (w). The porosity of braiding fabric increases with the increase of the cylindrical mandrel radius (r) or the braiding fabric take-up speed (V).
Model verification
The two-dimensional diamond braids were fabricated using polypropylene monofilaments (Shanghai Tian Qing Biomaterial Co., Ltd., Shanghai, China) with a diameter of 0.15 mm. A braiding machine (specially designed and built in the Biomedical Textile Laboratory of Donghua University) with eight spindles, 16 spindles, and 32 spindles was used to study the effect of the number of spindles on pore size (equations 4 and 5) and the porosity (equation 10). A polytetrafluoroethylene (PTFE) (Jhone Industry Development Co., Ltd., Shanghai, China) rod with a 0.875 mm radius was used as a cylindrical mandrel. The angular velocity of the spindle (ω) was set as 0.3 rad/s. The braiding angle (θ) was stable at 37°. By varying the number of spindles, three different kinds of samples were fabricated. Similarly, PTFE cylindrical mandrels with 0.875 mm, 3 mm, and 5 mm radii were used to verify the effect of the cylindrical mandrel radius on pore size and porosity. The diameter of braiding yarns and angular velocity of the spindle (ω) were the same as the ones above. Braiding angle (θ) was controlled at 55°. By varying the radius of cylindrical mandrel, three different architectures were fabricated.
After the diamond braiding samples were prepared, an optical microscope were used to take pictures of the braiding fabric ( Figure 3A) . The pore size was measured using MB-ruler software (Markus Bader, Iffezheim, BadenWürttemberg, Germany) through those pictures. The porosity of the samples was calculated through Adobe Photoshop CS5 (Adobe, San Jose, CA, USA). Specifically, the pixel values of the pore region that appeared on the braiding sample can be calculated by the software. The total pixel value of a photo of braiding samples also can be measured. Consequently, experimental porosity value was equal to the pixel value ratio of the pore region and the whole photo. The experimental data were compared with theoretical data which were calculated from equations [4] , [5] , and [10] . Figure 4A shows the number of spindle effects on the porosity of the tubular braiding fabric. According to the real experiment results, the porosity of the tubular braided fabric linearly decreased with the increasing of the number of spindles loading on the braided machine. Figure 4B shows the radius of the cylindrical mandrel effect on the porosity of tubular braiding fabric. The porosity increased non-linearly with the radius of cylindrical increasing. Figure 5A shows the number of spindles effect on the pore size of the tubular braiding fabric. The pore size decreased non-linearly within the rise of the numbers of spindles. Figure 5B shows the radius of cylindrical mandrel effect on the pore size of the tubular braiding fabric. The porosity of the tubular braided fabric increased linearly with the radius of the increasing cylindrical mandrel. As can be seen from the results, the experiment data was highly matched with the theoretical data in an error range. The experimental data is slightly larger than the theoretical data, due to the yarn tension and yarn friction that existed in real braiding process. From equations [4] and [5] , the pore size of the tubular braided fabric is also related to the diameter of braiding yarn (w) and the braided angle (θ). From equation [10] , the porosity of tubular braided fabric is also related to diameter of the braiding yarn (w) and the braiding fabric takenup speed (V). In this paper, parameters w, θ, and V have not been verified by experimental procedure, because the limitations of the experimental conditions. However, these parameters should be taken into consideration in the real design and production process.
Results and discussion
These models also had limitations, as they have been simplified under assumption conditions. First of all, the buckling of yarn was not taken into consideration. Therefore, the model can be applied in conditions such as braiding stents and scaffold, where the diameter of the tubular braided fabric was much larger than the diameter of braided yarns. However, when the diameter of the braiding yarn is large or the radius of the cylindrical mandrel is small, such as in surgical sutures, the intersection of the yarn cannot be treated as two-dimensional, the model may not accurate. Besides, the theoretical model in this paper was built according to the diamond braid structure, and experimental verification also proved the reliability of those formulas on this structure. Whether or not the model is suitable for regular braid and Hercules braid structures still need further study (14) . Pore structure would affect the mechanical strength of braided fabric (14) . Therefore, when practically designing and producing a braided fabric, both pore structure, and mechanical properties should be taken into consideration. It is better to combine the mathematical model in this paper with other models related to the mechanical properties to design braided architectures with superior performance.
Conclusion
In this paper, mathematical models were built to reveal the relationship between braiding parameters and pore size and porosity of tubular braiding fabric. And the effectiveness of these models was verified through experimental and theatrical data comparison. According to the results, the pore structure can be adjusted through control braiding parameters in braiding scaffold designing process. The method in tubular shaped braids designing has a direction for the practical production. 
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